The mechanism responsible for the selective accumulation of potassium by muscle cells is not known. A theory which has gained wide acceptance in recent years is that potassium passively diffuses into muscle cells along an electrical gradient maintained by the active extrusion of sodium (1) (2) (3) (4) . According to this view, the negative potential normally found inside the muscle cell is produced by this "sodium pump," and in turn causes the accumulation of potassium against a concentration gradient.
If sodium were the only cation transported actively by the muscle cell, and if the accumulation of potassium were entirely a matter of passive diffusion down an electrical gradient, then one would expect other univalent cations capable of penetrating cells to distribute themselves at equilibrium across the muscle cell membrane in the same concentration ratio as potassium. Rubidium and cesium, univalent alkali metals with physicochemical characteristics closely resembling those of potassium, would appear to be ideally suited for testing this hypothesis. These cations penetrate cells readily and can substitute for potassium in many biological processes (5) .
In the experiments reported here an attempt was made to test the theory of passive uptake of potassium by comparing the equilibrium distribution of potassium with that of rubidium or cesium in the muscle tissue of growing rats fed equivalent, large quantities of these elements. Previous ' This study was supported in part by grants from the Greater Boston Chapter of the Massachusetts Heart Association, and from the Atomic Energy Commission (Contract AT 30-10-919, with the Massachusetts Memmorial Hospitals).
2Presented in part at the Annual Meeting of the American Federation for Clinical Research, May, 1956. studies (6) (7) (8) (9) have already established in a general way that animal tissues are capable of accumulating significant quantities of rubidium or cesium, but there have been no determinations of the tissue-plasma concentration gradients when organisms are fed non-tracer amounts of these substances and no quantitative measurements of the extent to which these ions are taken up by tissues relative to potassium. The results of the present work indicate a distinctly greater affinity of rat muscle tissue for rubidium and cesium than for potassium, and the data therefore suggest that processes more complex than simple diffusion are involved in the normal accumulation of potassium.
METHODS
Young male rats of the Sprague-Dawley strain weighing 100 to 150 grams were depleted of potassium and made alkalotic by the feeding of a potassium-free alkalineash diet (10) for a period of two weeks. At the end of this time the animals were divided into five groups. Group I, the potassium-deficient controls (12 -animals), was sacrificed at the end of the two-week period of potassium-depletion. Group II, the potassium-added controls (11 animals), was maintained for two more weeks on the same diet but 20 mEq. per L. of KCl was added to the drinking water. Group III, the two week rubidium group (30 animals), was given 20 mEq. per L. of KCl plus 20 mEq. per L. of RbCl in the drinking water for a period of -two weeks. Group IV, the three-week rubidium group (17 animals) , was treated in the same way as Group III, but it was allowed to drink the KCl and RbCI mixture for three weeks. Group V, the two-week cesium group (17 animals), was given a mixture of 20 mEq. per L. of KCl and 20 mEq. per L. of CsCl in the drinking water for two weeks following the period of potassium depletion. In addition, there was a separate group of animals, Group VI, the normal controls (12 animals). These animals were not initially depleted of potassium, but were maintained for three weeks on the experimental diet, plus 20 mEq. per L. KC1 in their 1249 $ Seven analyses. drinking water. The animals were allowed access to drinking water ad libitum, so that the exact intake of each of the added cations was not measured, but in every animal given rubidium or cesium plus potassium the intake of each of the two cations was always equal. The purity of all the rubidium and cesium salts used was always checked either by differential precipitation and weighing as the sulfate salt or by paper chromatography (11) .
At the end of each experiment the animals were exsanguinated through the abdominal aorta, under light amytal anesthesia. The blood was immediately heparinized and the plasma separated by centrifugation under oil. Samples of skeletal muscle were dissected free of all obvious fat and connective tissue, minced, and then extracted in hot water. The completeness of extraction of all the muscle cations measured was verified by a comparison of this method with a dry-ashing technique. Plasma analyses for sodium, chloride and CO2 content were carried out by flame photometry, modified Volhard titration, and standard manometric technique, respectively. Similar methods were applied to the determination of sodium and chloride in the aqueous extracts of muscle. In the control animals not given rubidium or cesium, determinations of potassium in the plasma and muscle extracts were carried out by flame photometry. In all other experiments in which plasma and muscle extracts contained mixtures of potassium and rubidium, or potassium and cesium, special techniques had to be used for the simultaneous analysis of these elements.
The procedure devised was a combination of chemical analysis and radioisotope-tracer technique. All rubidium or cesium used in any one experiment was labeled at the beginning of the experiment by the addition of radioactive rubidium 868 or cesium 1348 to the drinking water. ' Obtained from Abbott Laboratories.
The purity of the radioactive tracers was checked in every instance by plotting decay curves. Since all cesium or rubidium had been added to the diet at a known and constant specific activity, it was possible to determine the concentration of rubidium or cesium in any sample simply by measurement of its radioactivity. The total content of potassium plus rubidium, or potassium plus cesium in the sample, was then determined by the method of chloroplatinate titration (12) . This latter technique was found to give essentially complete recoveries of standard mixtures of potassium, rubidium and cesium in serum and in muscle extracts. Knowing the sum of the alkali ions and the content of rubidium or cesium, it was then possible to calculate potassium as the difference between these two values.
All the data reported here were obtained by the "combined" method described above. Later on it was found possible to use flame photometry for the analysis of certain potassium and cesium mixtures, and in a number of experiments analyses were simultaneously carried out by both methods and found to give satisfactory agreement. In a few experiments, not reported here, mixtures of the alkali metals were separated by paper chromatography (11) , and then each ion was eluted separately in water and determined by flame photometry. Comparison of this method with the "combined" radioactive-chloroplatinate technique used in the present study also gave a satisfactory correlation (13) . Intracellular concentration was expressed in terms of "intracellular water," which was taken as the difference between total water and "extracellular water." Total muscle water was determined by drying whole wet tissue to constant weight "Extracellular water" was calculated from the chloride space on the assumption that chloride was exclusively extracellular in position. A constant correction for fat of I per cent of whole wet muscle weight was applied to each tissue specimen.
Most of the animals appeared to tolerate the feeding of rubidium or cesium very well for the first two weeks. Having virtually stopped their normal growth during the two-week preliminary period of potassium deficiency, the rats began to gain weight and grow again at an almost normal rate during the initial period of feeding the rubidium-potassium and cesium-potassium mixtures. However, after about two weeks signs of toxicity began to appear, consisting chiefly of neuromuscular irritability and cessation of growth. Attempts to continue the feeding of rubidium beyond three weeks and the feeding of cesium beyond two weeks resulted in a progressively higher mortality, with the animals usually dying in convulsions.
The analytical data are summarized in Tables I and II. In these Tables the figures given are the group means, plus or minus the standard deviation of the observed values. In each instance the number of analyses is equal, or nearly equal, to the number of animals in the group. The few instances in which the number of analyses is significantly less than the number of animals are appropriately indicated. These discrepancies were the result of random technical difficulties caused by the small quantities of material available for analysis. In every case, however, all analyses actually carried out are included in the mean.
In the ensuing discussion whenever differences between means are called "significant," it is meant that the "t-test" gives values of "P" less than 0.01. "Borderline significance" denotes "P" values greater than 0.01 but less than 0.05.
A. Plasma
The results of the plasma values are summarized in Table I . The data demonstrate the following points:
1. Two weeks on the K-deficient, alkaline-ash diet (Group I) resulted in the expected hypokalemic alkalosis with significant reductions in plasma concentration of potassium and chloride and a significant rise in plasma CO2 content compared to the normal controls (Group VI). The mean values were: potassium, 1.6 mEq. per L.; chloride, 90.6 mEq. per L.; and CO2, 31.7 mEq. per L.
2. Addition of 20 mEq. per L. KCI to the drinking water for two weeks (Group II) resulted in virtual disappearance of these changes. Although the mean plasma values for potassium (3.7 mEq. per L.), CO2 (29.4 mEq. per L.), and chloride (99.4 mEq. per L.) were not quite back to normal, the differences from normal were not significant. 3 . When potassium-depletion was followed by the addition of a mixture of KG (20 mEq. per L.) and RbCl (20 mEq. per L.) to the drinking water for two weeks (Group III) the low plasma potassium remained essentially unchanged (1.9 mEq. per L.), but there resulted a hyperchloremic acidosis, with a significant reduction in CO2 and a significant rise in chloride, compared to both the normals (Group VI) and the K-added controls (Group II). The mean CO2 was 20.3 mEq. per L., and the mean chloride 106.6 mEq. per L. Plasma rubidium was very low (0.86 mEq. per L.)-significantly lower than even the potassium concentration. 4. Continuation of the RbCl and KC1 mixtures for a third week (Group IV) resulted in no definite further change in plasma composition, although there was a further reduction in CO2 of borderline significance. The apparent further reduction in plasma potassium to 1.2 mEq. per L. may not be real since it was based on only four analyses.
5. Addition of a mixture of KC1 (20 mEq. per L.) and CsCl (20 mEq. per L.) to the drinking water for two weeks following the initial period of potassium depletion (Group V) resulted in a reduction of CO2 content significantly less than that produced by the KCI and RbCl mixtures. The CO2 content (24.1 mEq. per L.), although significantly lower than in the K-deficient controls (Group I), was not significantly below the normal level (Group VI). Plasma potassium was low (2.0 mEq. per L.), and was not significantly different from the values in the rubidium groups (III and IV) or the K-deficient controls (Group I). Plasma cesium was only 0.55 mEq. per L., a value significantly lower than the simultaneous potassium concentration. Table II summarizes the results of the muscle analyses. The noteworthy findings were:
B. Muscle
1. As expected intracellular potassium was low (107.1 mEq. per L.) and sodium high (60.7 mEq. per L.) in the K-deficient controls (Group I), as compared to the normal values in Group VI. There was a small but significant reduction in calculated intracellular water.
2. Addition of 20 mEq. per L. KCI to the drinking water for two weeks (Group II) virtually restored muscle composition to normal, there being no significant differences in intracellular Na and K between Groups II and VI. Intracellular water remained the same as in the K-deficient controls.
3. Addition of 20 mEq. per L. each of RbCl and KCl to the drinking water of the K-deficient rats resulted, after two weeks, in striking changes in muscle composition (Group III). Potassium was significantly reduced still further to a concentration of 75.4 mEq. per L. (less than half of normal) and sodium was lowered to 4.2 mEq. per L. Intracellular rubidium was 90.7 mEq. per L. (significantly higher than potassium) and the total measured intracellular cation (12) was normal. Intracellular water was essentially the same as in Groups I and II.
4. Continuation of the RbCl and KCl mixture for a third week (Group IV) resulted in a slight further drop in cellular potassium (64.2 mEq. per L.) and sodium (3.4 mEq. per L.), as well as a further rise in cellular rubidium (100.5 mEq. per L.). The difference in potassium content between the two-and three-week muscles was significant, but the difference in rubidium content was only of borderline significance.
5. Two weeks of treatment with a mixture of CsCl and KC1 (Group V) lowered intracellular potassium to 75.1 mEq. per L. and sodium to 9.8 mEq. per L. Intracellular cesium was 96.8 mEq. per L. (significantly higher than the simultaneous potassium levels), but total cation and intracellular water were essentially the same as in the K-added and K-deficient controls. Table III summarizes the mean distribution ratios for potassium, rubidium and cesium. As shown in the third column, the normal ratio of intracellular to extracellular potassium was 44.2 + 4.1 (Group VI). Potassium deficiency caused a slight but significant elevation in this ratio to 67.7 ± 16.2. In the two-week rubidium group (III) and in the cesium-treated group (V) the ratio of intracellular to extracellular potassium concentration was restored to normal. (No ratio is given for Group IV because simultaneous plasma and muscle potassium values were available for only one animal.) The raextracellular tios for rubidium were 118.4 ± 30.2 and 116.2 + 19.7 in the two-and three-week groups, respectively. The ratio for cesium was even higher than this, with a mean value of 185.2 + 36.0. In the Table III is given the proportion of the rubidium (or cesium) ratio to the simultaneous potassium ratio (e.g., Rbm .Km, where the subscripts M and P denote concentration in muscle water and plasma, respectively). This value, called "R" in the table, gives an estimate of the relative degrees to which the various alkali ions are concentrated by the muscle. Thus it can be seen that rubidium is concentrated approximately 3 times as much as potassium, while cesium is concentrated 4.6 times as much as potassium.
C. Concentration ratios

DISCUSSION
The foregoing observations confirm and extend the earlier data which had indicated that rubidium and cesium could be taken up in large quantities by muscle cells (6) (7) (8) (9) . They also confirm the previously reported fact that rubidium chloride lowers the blood CO2 content in alkalotic potassium-deficient rats (9) and extend the observations to demonstrate a similar, but less marked, acidifying effect of cesium chloride. Most significant of all, however, is the evidence presented here that despite very low plasma concentrations of these ions, muscle tissue may accumulate rubidium or cesium up to concentrations 20 to 60 per cent higher than that of potassium. Intracellular potassium concentration may be depressed to extraordinarily low levels and, as shown by the absence of significant change in cellular water content (Table III) , this reduction is due to displacement of potassium by the "foreign" alkali ions, rather than simply to intracellular shifts of water accompanying the penetrating ions. Additional evidence against any significant alterations in water distribution was provided by the fact that the water content of whole muscle did not vary significantly in any of the groups.
The concentrations of intracellular potassium given in Table II are considerably lower than the values usually found in potassium depletion alone (10) . Actually, the mean values listed in the Tables do not indicate the maximum limits to the replacement of potassium by rubidium or cesium. In individual animals, intracellular rubidium concentrations as high as 120 mEq. per L. and potassium concentrations as low as 50 mEq. per L. were found. The highest intracellular cesium concentration observed in the cesium experiments was 110 mEq. per L., and the lowest potassium concentration 60 mEq. per L. Whether even these concentrations represent the limits of the replacement process is not known. Current experiments are designed to study this problem more closely.
Prior depletion of potassium apparently is not essential for this extensive accumulation of rubidium. In a small group of normal animals fed a mixture of rubidium and potassium in their drinking water for a period of four weeks changes in muscle composition virtually the same as those reported in Table II were found. A few analyses of muscle taken after two or three weeks suggested that in this experiment rubidium had not yet reached its maximum intracellular accumulation at these times. In the experiments on the animals initially depleted of potassium, on the other hand, tissue accumulation of rubidium appeared to be more rapid.
The similarity in composition between the rubidium-treated muscles in the two-week and three-week rubidium groups suggests that a nearequilibrium state had been attained by the end of the second week. Unfortunately, it was not possible to establish this point with certainty by treating animals for longer periods of time because after three weeks on rubidium, or only two weeks on cesium, the rats began to die in increasing numbers. However, even if the present data do not represent a true steady state, the relative chronicity of the experiments, as well as the relative homogeneity of the data, would strongly sug-. gest that equilibrium must have been at least closely approximated. Significant deviations from the steady state caused by possible transient fluctuations in plasma rubidium or cesium concentration following ingestion of these ions would appear unlikely in view of the relatively small variations of the individual plasma values about the group mean. Individual animals were sacrificed at varying time intervals after their last feeding, and if large fluctuations in plasma level had occurred this would have been obvious from the scatter of the data.
The findings of greatest relevance to this study are the concentration ratios listed in Table III . In the rubidiumand cesium-treated groups, the intracellular/extracellular ratios for potassium remained normal at approximately 40 to 1, but the ratio for rubidium was approximately 3 times this value and the ratio for cesium was about 4.5 times the potassium ratio. It would thus appear that rat skeletal muscle accumulates the alkali metals at equilibrium in a definite order of preference, cesium > rubidium > potassium. Data obtained in a number of recent studies with radioactive tracer doses of rubidium (14) (15) (16) or cesium (17) appear to imply somewhat similar conclusions. In these tracer experiments, although no significant amount of intracellular potassium was displaced by the administered ions, the latter accumulated in muscle, red cells and most viscera at tissue plasma concentration ratios equal to, or greater than, those for potassium.
As already pointed out, according to the theory which suggests the passive accumulation of potassium along an electrical gradient established by the "sodium pump," one should expect similar concentration gradients at equilibrium for all three alkali ions, since they would be diffusing passively along the same electrical field. Differences in the mobility of the ions might effect the kinetics of the uptake process, but they would not change the steady-state concentration ratios. Thus, the large differences in gradient actually observed constitute evidence against the theory of passive accumulation. Although it is conceivable that different mechanisms transport each of the ions, the existence of a single process is strongly suggested not only by their close chemical similarity, but also by the fact that each ion appears to inhibit competitively the penetration of the other two into frog muscle (18) , as well as into red blood cells ( 19, 20) . The simplest conclusion consistent with the available data would seem to be that a single process is responsible for the cellular accumulation of potassium, rubidium and cesium and that this process is not simply a matter of passive diffusion.
If the passive diffusion theory is not valid for muscle, then at least two alternative explanations for the present results seem possible.
The first possibility is that there is an active transport system for which potassium, rubidium and cesium compete. This transport system might be directed inwards, with the order of increasing selectivity being potassium, rubidium, cesium, or the system might be directed outwards and have the reverse order of selectivity. It is also conceivable that the active transport system, whatever its directional orientation, is not selective. If this were the case, the differences in the relative accumulation of these ions could be the result of differences in rates of diffusion in the direction opposite to that of the active transport system. The concept of active inward transport in muscle gains indirect support from recent studies with yeast (3, 21) , green algae (22) , and de-sheathed toad nerve fibers (23) , which indicate the existence of an active inward transport system for potassium which can operate without the simultaneous efflux of sodium. No direct experimental evidence for the active and independent uptake of potassium by muscle has yet appeared, but this concept is at least consistent with the fact that movements of sodium and potassium in and out of muscle do not always occur simultaneously and in a fixed stoichiometrical relationship (3, 24, 25) as might be expected if potassium accumulation were entirely and directly dependent upon a "sodium pump." It has recently been pointed out that the concentration ratio for potassium in frog muscle somewhat exceeds that predictable simply from the transmembrane potential difference, further suggesting the possibility of some active chemical force responsible for potassium accumulation (26) .
A second alternative to the "passive diffusion" theory is suggested by the analogy between the relative concentration gradients for the alkali metals observed in these experiments and the behavior of certain ion exchange resins, which selectively bind these ions in the same order of preference. Selective binding of cations by fixed negative charges inside the cell has already been proposed as a mechanism for the normal accumulation of intracellular potassium (27) . This hypothesis gains some support from the recent observation that relatively high concentrations of potassium are apparently maintained in frog muscle which has been soaked in potassium-free 'Ringer solution and poisoned with cyanide plus iodoacetate (25) . On the other hand, selective binding of cations within the cell would be expected to result in significant reductions in tissue osmotic activity as intracellular potassium is displaced by cations like rubidium or cesium, for which the fixed negative charges have a higher affinity. The absence of any evidence of water shifts in these experiments therefore indicates either that large-scale binding does not occur, or that there exist cellular mechanisms which maintain total osmotic constancy despite fluctuations in cation activity.
At present there is no experimental basis for a choice among these or any other alternatives to the passive diffusion theory of potassium uptake. Obviously, much more information is required before an adequate description of potassium transport in muscle cells can be given.
SUMMARY AND CONCLUSIONS
Chronic feeding of equivalent amounts of rubidium and potassium or cesium and potassium to young rats resulted in replacement of half or more of the muscle potassium by rubidium or cesium. The final tissue-plasma concentration ratios for rubidium were approximately 3 times that for potassium, and the ratio for cesium was more than 4.5 times the potassium ratio.
The results suggest that muscle cells accumulate the alkali metals in a definite order of preference: cesium > rubidium > potassium. This fact is construed as evidence against the normal accumulation of potassium solely by passive diffusion along an electrical gradient produced by a "sodium pump," and two alternative explanations are discussed which would appear to be more consistent with the present observations.
